Introduction
For patients with malignant hematologic diseases who relapse after allogeneic hematopoietic stem cell transplantation (HSCT), a second HSCT is thought to be a curative option. It is believed that use of a second donor may confer increased therapeutic potency by inducing a more potent graft-versus-leukemia (GvL) effect; however, there are no data to support this assumption. [1] [2] [3] [4] [5] [6] [7] [8] [9] In early studies, a second HSCT after a first HLA-matched transplantation was associated with similar risks of relapse and acute graft-versus-host disease (GvHD) using a different HLAmatched donor. 3 There was no significant difference in survival between the transplantations from the original donor and another donor.
Over the years, the use of HLA-mismatched (MM) transplantation for hematologic diseases has increased, including haploidentical HSCT and cord blood transplantation (CBT). Following HLA-MM transplantation, a second donor is selected due to HLA discrepancy between the graft and the host. Physicians pay little attention to HLA discrepancy between the graft and the first donor, although the impact of this discrepancy on the outcome of second HSCT is unclear. Recipient non-hematopoietic gastrointestinal cells can express MHC class II, which is critical for inducing experimental acute GvHD in cases of minor histocompatibility antigen (mHAg) MM. 10, 11 In contrast, hematopoietic antigen presenting cells (APCs), especially dendritic cells, induce MHC class I-dependent acute GvHD in mHAg MM cases. 12 Furthermore, in the MHC MM setting, hematopoietic APCs play an important role in the induction of both MHC class I-and II-dependent acute GvHD. [13] [14] [15] [16] As hematopoietic APCs are of first donor origin, HLA discrepancy between the graft and the first donor may be related to transplant-related immunological responses of the second HSCT.
To elucidate the biological effects of HLA discrepancy between the graft and the first donor that impact the outcome of the second HSCT, we compared the effects of HLA-MM between the graft and the first donor to those between the graft and the host in 646 patients receiving a second HSCT after an initial HLA-MM transplantation.
Methods

Study population
Patients who were at least 16 years of age with acute myelogenous leukemia (AML), acute lymphoblastic leukemia (ALL), myelodysplastic syndrome (MDS), chronic myelogenous leukemia (CML), malignant lymphoma (ML), or other malignant hematologic disease, and who received a second HSCT after an initial HLA-MM transplantation, were included in this study. Furthermore, patients must have received first and second allogeneic HSCTs between 1994 and 2016, with full HLA-A, -B, and -DRB1 allele data. Hematopoietic stem cell transplantation recipient clinical data were collected by the Japan Society for Hematopoietic Cell Transplantation (JSHCT) and the Japanese Data Center for Hematopoietic Cell Transplantation (JDCHCT) using the Transplant Registry Unified Management Program (TRUMP). [17] [18] [19] We excluded individuals who: 1) first received HLA-matched HSCT; 2) received a second HSCT within 30 days after the first HSCT, in a planned manner or due to rejection/engraftment failure; 3) died within 30 days and lacked data on survival status and survival date; 4) lacked accurate allele data; or 5) received more than two HSCTs. The final study population consisted of 646 patients. The study was approved by the Data Management Committee of TRUMP and the Institutional Review Board of Okayama University.
Study end points
The outcomes assessed included acute GvHD, chronic GvHD, neutrophil engraftment, transplant-related mortality (TRM), relapse, and overall survival (OS). Acute and chronic GvHD were diagnosed and graded using the standard criteria. 20, 21 Neutrophil engraftment was considered to have occurred when the absolute neutrophil count was ≥ 0.5x10 9 cells/L for 3 consecutive days. Death from any cause was the event of interest in determining OS. TRM was defined as death during remission.
Statistical analysis
Descriptive statistics were generated for patients' characteristics. Differences in characteristics between groups were evaluated by the c 2 test and analysis of variance. The probability of OS was estimated according to the Kaplan-Meier method, and groups were compared using the log rank test. Subsequently, the probabilities of relapse, TRM, and acute and chronic GvHD were estimated on the basis of cumulative incidence curves. 22 Competing events were death without relapse for relapse, relapse for TRM, death without engraftment for engraftment, and death without GvHD for acute or chronic GvHD. The groups were compared using Gray's test.
To evaluate the impact of HLA discrepancy on transplant outcomes, we estimated the hazard ratios (HRs) or subhazard ratios (SHRs) and 95% confidence intervals (CIs) adjusted for potential confounders. The Cox proportional hazards model was used to evaluate the impact on OS, whereas multivariable competingrisks regression was used to evaluate the impact on the other end points. Several potential confounders considered in the multivariable analyses were provided in the Online Supplementary Appendix.
In all analyses, P<0.05 was considered statistically significant. All statistical analyses are performed with Stata (v.15,0; Stata Corp., College Station, TX, USA) and EZR software (Saitama Medical Center, Jichi Medical University, Japan).
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Results
Patients' and transplantation characteristics
A total of 646 patients who received a second HSCT after an initial HLA-MM transplantation were analyzed. Patients' and transplantation characteristics are presented in Table 1 . With respect to the HLA discrepancy in the graft-versus-host direction (graft vs. host), HLA matching was categorized as follows: HLA -A, -B, -DRB1 match (0 MM, n=85), MM at one allele (1 MM, n=160), or mismatch at more than one allele (≥2 MM, n=401). With regard to HLA discrepancy in the graft-versus-first donor direction (graft vs. first donor), the second HSCT was categorized as follows: HLA -A, -B, -DRB1 match (0 MM, n=72), mismatch at one allele (1 MM, n=100), or mismatch at more than one allele (≥2 MM, n=474). In the graft-versus-host comparison, the ≥2 MM group received cord blood more frequently (0 MM, 20.0%; 1 MM, 21.3%; ≥2 MM, 60.2%, P<0.001), were more likely to use a reduced-intensity conditioning regimen (0 MM, 56.5%; 1 MM, 66.3%; ≥2 MM, 70.7%, P=0.012), and had a higher rate of in vivo T-cell depletion (0 MM, 10.6%; 1 MM, 18.1%; ≥2 MM, 25.4%, P=0.003). The interval between the first and second HSCT was shorter in this group (<12 
Acute graft-versus-host disease, chronic graft-versus-host disease, and engraftment
With regard to the graft-versus-host results, the unadjusted cumulative incidence rates of grade III-IV acute GvHD at 100 days post transplantation were 9.5% (95%CI: 4.4-17.0%) in the 0 MM group, 13.8% (95%CI: 9.0-19.7%) in the 1 MM group, and 11.0% (95%CI: 8.2-14.3%) in the ≥2 MM group (Figure 1) . In multivariate analysis, the 1 MM group (SHR, 1.88; 95%CI: 0.79-4.45; P=0.163) and ≥2 MM group (SHR, 1.84; 95%CI: 0.75-4.51; P=0.182) tended to have higher risk of grade III-IV acute GvHD compared to the 0 MM group, although the results were not statistically significant (Table 2) . With regard to affected organ, the risk of skin, gut and liver acute GvHD increased among the 1 MM group and ≥2MM group compared to the 0 MM group (Table 3) . There was no statistically significant difference in risk of chronic GvHD among the groups in multivariate analysis. The cumulative incidence rate of neutrophil engraftment at day 50 was 94.0% (95%CI: 85.6-97.6%) in the 0 MM group, 96.9% (95%CI: 92.3-98.7%) in the 1 MM group, and 91.0% (95%CI: 87.7-93.4%) in the ≥2 MM group. In multivariate analysis, the ≥2 MM group tended to show delayed engraftment compared to the 0 MM group (SHR, 0.77; 95%CI: 0.56-1.05;
P=0.097).
With regard to the graft-versus-first donor results, there were no significant differences in the risk of grade III-IV acute GvHD, chronic GvHD, or neutrophil engraftment among the groups in multivariate analysis ( Table 2) .
Next, the association of each HLA allele MM with 
GvHD was evaluated (Online Supplementary
Transplant-related mortality, relapse, and overall survival
With regard to the graft-versus-host results, the unadjusted cumulative incidence rates of TRM and relapse at 5 years post transplantation were 19 Table S2 ). The main causes of TRM differed among the three groups. The rates of interstitial pneumonia, TMA, and especially acute GvHD Supplementary Table S3 ). With regard to the graft-versus-first donor outcomes, there were no significant differences in TRM, relapse, or OS among the three groups (Table 4 ). In addition, no allele MM was associated with relapse, TRM, or OS in the analysis of each HLA allele MM (Online Supplementary Table S2) .
Analyses by stem cell sources
Finally, we performed analyses according to stem cell source (Online Supplementary Tables S4 and 5 ). We did not observe any obvious statistically heterogeneity among stem cell sources. However, the small sample size for some categories partially precluded evaluation of significance.
Discussion
There have been several studies on the role of donor change in the outcome of second HSCT; however, these studies were performed mainly in HLA-matched or 1 Ag-MM cases and focused on procedures in which a second HSCT from the same donor was performed. [1] [2] [3] [4] [5] [6] [7] [8] [9] In this study, we evaluated the role of HLA discrepancy between the graft and host and between the graft and the first donor on the outcome of second HSCT after HLA-MM initial HSCT. On evaluating 646 recipients of a second HSCT, it was found that graft-host HLA-match was associated with a reduced rate of TRM compared to HLA-MM, while HLA discrepancy between the graft and the first donor had no impact on the outcome of second HSCT.
In the largest retrospective analysis performed to date (n=1285 patients) to compare the incidence of GvHD in the same cohort, the incidence rate of grade II-IV acute GvHD in first HSCT was 26% versus 46% in second HSCT. 24 In our study, the incidence of grade II-IV and grade III-IV acute GvHD for first HSCT was 36.4% and 9.0% versus 34.2% and 11.2%, respectively, for second HSCT. Due to the higher rate of GvHD for second HSCT, prevention of acute GvHD represents an important, and as yet unmet, medical need. Experimental murine studies reported that hematopoietic APCs play an important role in the induction of acute GvHD in an MHC MM setting. [13] [14] [15] [16] In the present study, HLA-MM between the graft and first donor was not associated with an increased risk of acute GvHD in HSCT recipients having hematopoietic HLA discrepancy and outcome of second HSCT haematologica | 2019; 104(5) Figure 1 . The unadjusted cumulative incidence of grades III to IV acute graft-versus-host disease (GvHD) by HLA mismatch (MM) for graft. With regard to the graft-versus-host results, the unadjusted cumulative incidence rates of grade III-IV acute GvHD were 9.5% (95%CI: 4.4-17.0%) in the 0 MM group, 13.8% (95%CI: 9.0%-19.7%) in the 1 MM group, and 11.0% (95%CI: 8.2%-14.3%) in the ≥ 2 MM group. APCs originating from the first donor. The antigen-presenting function of the first-donor hematopoietic cells may be insufficiently strong to induce GvHD. An alternative explanation is that recipient hematopoietic APCs have a limited capacity to induce acute GvHD, possibly owing to their predisposition to induce donor T-cell death. 11 In contrast, HLA discrepancy between the graft and host may impact the risk of acute GvHD during the second transplant. In this study, HLA-MM between the graft and host showed increased risk of grade III-IV acute GvHD, although the results were not significant. In addition, B allele MM was significantly associated with an increased risk of grade III-IV acute GvHD in the analysis of each HLA allele mismatch [relative risk (RR) 2.87, 95%CI: 1.42-5.79; P=0.003]. Several experimental studies showed that non-hematopoietic gastrointestinal cells are able to express MHC class II and induce CD4 + T-cell-dependent acute GvHD. 10, 11 As the antigen-presenting function of epithelial cells is enhanced in the presence of an inflammatory environment, epithelial cells after the first HSCT could play a major role in inducing GvHD following second HSCT, although further studies are needed to validate this.
The length of remission after first HSCT and the disease status at second HSCT, are two main independent prognostic factors for predicting the outcome of a second HSCT. 2, 3, 5 Despite a significant increase in the proportion of patients of advanced age, having an advanced disease stage, and receiving alternative donor transplants, there has been a continual decrease in TRM, reflecting the impact of advances in supportive care and more widespread use of reduced-intensity conditioning regimens. However, the reduction in rate of TRM has been less obvious in patients following a second remission or refractory disease. 25 Due to more advanced disease and accumulating toxicity, second transplants are more problematic than first transplants, and often result in an increase in TRM and overall mortality rates. Attempted enhancement of the GvT effect by switching donor may be affected by the toxicity of the second HSCT. Reducing TRM remains one of the most significant challenges in second HSCT. Our analysis showed that HLA-MM between the graft and first donor had no influence on GvHD, relapse, TRM, or OS. In contrast, with regard to graft-versus-host, the risk of TRM was significantly higher in the ≥2 MM group versus the 0 MM group (RR, 1.90; 95%CI: 1.04-3.50; P=0.038). Analysis of each HLA allele MM revealed that the DR allele MM was significantly associated with a lower rate
